In nematodes, the ETS-family transcription factor ast-1 regulates multiple genes comprising the dopamine (DA) neuron phenotype, including biosynthetic enzymes and transporters. ETS transcription factors are hypothesized to play a similar role in vertebrates, and based on its expression in the adult mouse midbrain, Etv5/ERM has been proposed as a regulator of DA gene expression in the substantia nigra (SN) and ventral tegmental area (VTA). Here we show that Etv5 expression is not detectable until postnatal stages in the midbrain, well after development of the DA system, and that Etv5 knock-out and control mice show comparable tyrosine hydroxylase and dopamine transporter expression in the embryonic and adult midbrain. Other known members of the ETS family do not have expression patterns that are consistent with a role in DA gene regulation in the SN/VTA. These findings suggest that the ETS factors, while required for the generation of the DA phenotype in nematodes, do not play such a role in the mouse midbrain.
Introduction
Dopaminergic pathways have received extensive attention due to their roles in psychiatric and neurological disorders, reward mechanisms, and addiction. The DA neurons mediating these pathways reside in the substantia nigra (SN) and ventral tegmental area (VTA), of the ventral midbrain, and the recent identification of transcription factors regulating the embryonic development of these neurons represents a major advance in this field (Ang, 2006; Smidt and Burbach, 2007) . In recent work using Caenorhabditis elegans as a model for DA neuron development, it was demonstrated that a transcription factor of the ETS family, encoded by the axon steering defect-1 (ast-1) gene, is a terminal selector gene for DA cell fate, although it is not necessary for the generation or survival of these neurons (Flames and Hobert, 2009 ). In ast-1-null mutants, five key dopamine pathway genes showed greatly reduced expression, including dat-1 (dopamine transporter, DAT), bas-1 (aromatic amino acid decarboxylase, AADC) cat-1 (vesicular monoamine transporter, VMAT) cat-2 (tyrosine hydroxylase), and cat-4 (GTP cyclohydrolase). In addition, misexpression of ast-1 induced ectopic expression of dat-1 and cat-2 reporter genes in a restricted subset of neurons, demonstrating that it is sufficient for cell-autonomous expression of DA markers in some contexts. Ast-1 appears to exert its effects on multiple genes through a conserved regulatory motif (Flames and Hobert, 2009; Spitzer, 2009) .
In mammals, there are Ͼ20 known members of the ETS family, and these have been classified based on domain structure and homology within the ETS domain (Oikawa and Yamada, 2003) . Ast-1 is a member of the fli subfamily of ETS proteins, and its closest vertebrate homologues are Fli-1 and Erg (Schmid et al., 2006) . These factors have been identified as translocation breakpoints in human malignancies, and for their roles in hematopoiesis (Kruse et al., 2009 ). However, lack of expression in the brain indicates that they are not good candidates for regulating the development or maintenance of DA neurons. Instead, the principal vertebrate ETS factors with tissue-specific expression in the nervous system are those of the PEA3 class, including Etv1 (Er81), Etv4 (Pea3, E1AF) and Etv5 (ERM). Etv5 is expressed in the adult mouse SN/VTA, and it has also been shown that the tyrosine hydroxylase (TH) promoter can be activated by Etv5 in vitro (Flames and Hobert, 2009) . For these reasons Etv5 has been proposed as a regulator of DA neuron differentiation in the midbrain.
Here we show that Etv5 mRNA is not detectable in the SN/ VTA until postnatal day 7, well after the onset of the expression of DA pathway genes. DA markers including tyrosine hydroxylase (TH), the dopamine transporter (DAT, Slc6a3), and the vesicular monoamine transporter 2 (Vmat2, Slc18a2) are expressed normally in the embryonic and adult midbrain of Etv5 knock-out (KO) mice and in DA neuron target fields in the basal forebrain. Together these results indicate that Etv5 is not required for DA neuron development. In addition, a review of the expression patterns of other murine ETS factors in available gene expression databases does not reveal obvious candidates for a functional ast-1 homolog in mammals.
Materials and Methods
Mice, genotyping, timed matings. 129Sv/Ev wild-type (WT) mice were bred and maintained as described previously (Chen et al., 2005) . Etv5 Ϫ/Ϫ mice on a 129Sv/Ev background were produced by interbreeding Etv5 ϩ/Ϫ mice, and the pups were genotyped as described previously (Chen et al., 2005) . Noon on the day of the detection of a mucous plug was designated embryonic day 0.5 (E0.5). All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of California, San Diego, and conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Immunofluorescence and in situ hybridization. Tissue for immunofluorescence and in situ hybridization (ISH) was fixed by immersion in 4% paraformaldehyde in PBS for 1-3 h depending on the embryonic stage (E16.5 and earlier), or by cardiac perfusion for postnatal stages and adult mice (Quina et al., 2009) . Cryostat sections at 20 m were used for both techniques. Primary antibodies used included rabbit anti-TH (Millipore); rat anti-DAT (Millipore); rabbit anti-Nurr1 (Santa Cruz Biotechnology); and rabbit anti-vesicular monoamine transporter 2 (VMAT2, Millipore); further details appear in supplemental Table 1 , available at www.jneurosci.org as supplemental material. Secondary antibodies conjugated to Alexa series fluorophores were obtained from Invitrogen. ISH was performed as described previously (Eng et al., 2004) . The plasmids encoding the probes used for Etv1, Etv4 and Etv5, PDEF and ELF1 are described in supplemental Table 1 , available at www.jneurosci. org as supplemental material.
Results
To begin to understand the roles of ETS factors in DA development, we examined the developing brain for expression of the PEA3-class factors by ISH beginning at E11.5. Etv1 and Etv4 have known roles in sensory and motor neuron differentiation (Arber et al., 2000; Ladle and Frank, 2002; Vrieseling and Arber, 2006) . Etv1 knockout mice have an apparent reduction in TH expression in the olfactory bulb (Flames and Hobert, 2009 ), but recent work has shown that loss of Etv1 does not affect olfactory expression of other markers of the DA pathway (Cave et al., 2010) . Consistent with these prior reports and available database information, we did not observe Etv1 or Etv4 expression in the ventral midbrain at any stage examined from E11.5 to adult (Data not shown; http://www.genepaint.org/; http://developingmouse.brain-map.org/).
Etv5 mutant mice develop muscle weakness and show functional neuromuscular transmission defects (Hippenmeyer et al., 2007) , and Etv5 is also required for spermatogenesis (Chen et al., 2005; Tyagi et al., 2009 ), but it has no known role in the CNS. To begin to understand the role of Etv5 in DA neuron development, we first examined its expression in the adult mouse. ISH revealed expression of Etv5 in the adult SN/VTA, as well as in the medial part of the cerebral cortex (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material), that is consistent with gene expression atlas data (http://mouse.brain-map.org/). To evaluate the role of Etv5 in midbrain DA neuron differentiation, we first compared the morphology of the tegmental DA nuclei, the expression of the DA pathway genes, and the projections of these neurons to the striatum in Etv5 Ϫ/Ϫ embryos and controls. Antibodies to TH, DAT, and Vmat2 were used to identify dopamine neurons and their projections. As expected, in the E16.5 mouse brain these markers revealed immunoreactive neurons in the SN pars compacta (SNc) and the VTA (Fig. 1) . The expression patterns of all three markers were indistinguishable in Etv5 Ϫ/Ϫ embryos and wild type controls. Loss of Etv5 also did not alter the expression of Nurr1, an essential transcription factor for DA neuron development (Fig. 1G,H ) .
Although Etv5 expression has been reported in the embryonic midbrain (Flames and Hobert, 2009 ), details of its ontogeny and localization have not been described. To determine whether the timing of Etv5 expression was consistent with a role in initiating DA pathway gene expression, we examined Etv5 expression from mid-gestation through postnatal development. Etv5 mRNA was undetectable in the ventral midbrain at E14.5, E16.5 and P3 ( 2 A-D and data not shown), and was first detected at low levels in the SN at P7, with increased signal at P14 (Fig.  2 E-G) . Expression of Etv5 in the cerebral cortex at P3 and in the lung at E14.5 and E16.5 served as positive controls for Etv5 detection at these stages (data not shown). In C. elegans, ast-1 is required for the maintenance of the DA neuron phenotype as well as its initiation (Flames and Hobert, 2009 ). Because of this observation, combined with the late onset of Etv5 expression in mice, we considered that Etv5 might have a role in the maintenance of midbrain DA gene expression. To test this possibility, we examined the expression of DA pathway genes in adult Etv5 Ϫ/Ϫ mice, and found that the expression of TH and DAT in the ventral midbrain is indistinguishable from controls (Fig. 3) . In addition, TH-immunoreactive fibers in the striatum, which receives DA input from the ventral midbrain, appeared normal in the Etv5 knock-outs (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material), indicating that Etv5 is not needed for maintenance of the anatomical connection between the SN and the striatum. Together these results exclude Etv5 as a key regulator of midbrain DA pathway gene expression.
Although a role for Etv5 in midbrain DA gene expression is effectively excluded by these results, the possibility remains that other vertebrate ETS genes could mediate DA differentiation. The plausibility of this hypothesis is underscored by the key role of the ETS gene Fev/Pet-1 in the differentiation of hindbrain serotonergic neurons, although this factor is known to have no role in DA neuron development (Hendricks et al., 2003) . For this reason, we examined the expression of six other members of the ETS family with reported expression in CNS: Etv1, Etv4, Ets2, Fev, Spdef, and Elk1. None of these were detectable in the region of the mouse ventral midbrain defined by TH expression in E16.5 embryos (data not shown). The recent availability of gene expression database information for the mouse embryo (Visel et al., 2004; Allen Institute for Brain Science, 2009 ; http://developingmouse.brain-map.org) also allowed a more exhaustive search for expression of members of this gene family at E11.5, E13.5, E14.5, and E16.5. Because these efforts to characterize developmental gene expression have emphasized transcription factors, it was possible to examine the expression patterns of all 26 members of the ETS family for which spliced transcripts have been identified in the mouse (Oikawa and Yamada, 2003; Hollenhorst et al., 2007) . The available database information did not reveal expression of any member of this class in differentiating DA neurons (supplemental Table S2 , supplemental Figs. S3-S6, available at www.jneurosci.org as supplemental material).
Discussion
The development of midbrain DA neurons in vertebrates requires a complex combination of transcriptional regulators and diffusible signals to control both the acquisition and maintenance of a neurotransmitter-specific phenotype (Smidt and Burbach, 2007) . Gain-and loss-of-function studies suggest that some of the key transcription factors required for the midbrain DA differentiation program, such as Otx2, Lmx1a/b, Msx1/2, Ngn2 and Mash1, Pitx3 and Nurr1 are likely to act sequentially and combinatorially to promote the mature midbrain DA phenotype (Andersson et al., 2006; Ang, 2006; Kele et al., 2006) . It remains possible that Etv5 interacts with this gene expression program at a late phase of development to determine some aspect of the mature DA phenotype. However, the present study, combined with recent work demonstrating that Etv1 is not essential for the expression of most DA markers in olfactory neurons (Cave et al., 2010) , largely excludes the ETS genes as master Figure 2 . A, C, E, G, Ontogeny of Etv5 expression in the ventral midbrain. Etv5 expression was examined by ISH in sagittal sections at E14.5 (A), and in coronal sections at E16.5, P7, and P14 (C, E, G). B, D, F, H, Immunofluorescence for TH in adjacent sections was used to localize DA neurons in the ventral midbrain. Arrows in A and B indicate the location of differentiating SN/VTA neurons. Etv5 expression in the SNc was first detected at P7. 3V, third ventricle. SC, Superior colliculus; thal, thalamus. Scale bar, 250 m.
regulators of the DA phenotype in mice, and suggests that the fundamental mechanisms of DA differentiation in nematodes and vertebrates are in this way distinct. 
